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ABSTRACT
Observations with the Herschel Space Telescope have established that most star forming gas is organised in filaments, a finding that
is supported by numerical simulations of the supersonic interstellar medium (ISM) where dense filamentary structures are ubiquitous.
We aim to understand the formation of these dense structures by performing observations covering the 12CO(4→3), 12CO(3→2), and
various CO(2-1) isotopologue lines of the Musca filament, using the APEX telescope. The observed CO intensities and line ratios
cannot be explained by PDR (photodissociation region) emission because of the low ambient far-UV field that is strongly constrained
by the non-detections of the [C II] line at 158 µm and the [O I] line at 63 µm, observed with the upGREAT receiver on SOFIA, as
well as a weak [C I] 609 µm line detected with APEX. We propose that the observations are consistent with a scenario in which
shock excitation gives rise to warm and dense gas close to the highest column density regions in the Musca filament. Using shock
models, we find that the CO observations can be consistent with excitation by J-type low-velocity shocks. A qualitative comparison
of the observed CO spectra with synthetic observations of dynamic filament formation simulations shows a good agreement with the
signature of a filament accretion shock that forms a cold and dense filament from a converging flow. The Musca filament is thus found
to be dense molecular post-shock gas. Filament accretion shocks that dissipate the supersonic kinetic energy of converging flows in
the ISM may thus play a prominent role in the evolution of cold and dense filamentary structures.
Key words. ISM: individual objects: Musca – Shock waves – Turbulence – Stars: formation – ISM: evolution – ISM: kinematics
and dynamics
1. Introduction
Observations with the Herschel Space Telescope have revealed
that filamentary structures are ubiquitous in the supersonic in-
terstellar medium (ISM) (e.g. André et al. 2010; Molinari et al.
2010; Henning et al. 2010; Arzoumanian et al. 2011; Schneider
et al. 2012). However, there is an ongoing discussion regard-
ing the nature and diversity of the filaments, namely, whether
they are sheets viewed edge-on or, rather, dense gas cylinders. It
is also considered whether we observe a full range of filament
classes: from cross-sections of sheets to dense, star-forming
cylindrical structures. In any case, understanding the nature, for-
mation and evolution of filaments is essential as they are the sites
of star formation. This was demonstrated by a number of recent
studies which showed that pre- and protostellar cores are mostly
located in filaments (e.g. Polychroni et al. 2013; André et al.
2014; Schisano et al. 2014; Könyves et al. 2015; Marsh et al.
2016; Rayner et al. 2017). In numerical simulations of the ISM,
filaments are omnipresent and can form in various ways: through
shocks in (magnetic) supersonic turbulent colliding flows (e.g.
Padoan et al. 2001; Jappsen et al. 2005; Smith et al. 2016; Fed-
errath 2016; Clarke et al. 2017; Inoue et al. 2018), during the
global gravitational collapse of a cloud (Gómez & Vázquez-
Semadeni 2014; Vázquez-Semadeni et al. 2019), through veloc-
ity shear in a magnetised medium (Hennebelle 2013), or via the
gravitational instability of a sheet (Nagai et al. 1998).
However, it is challenging to find observational signatures
that reveal how a filament is formed. In the view of large-scale
colliding flows, filament formation is associated with the gener-
ation of warm gas from low-velocity shocks. An observational
signature of these shocks are anomalously bright mid- and high-
J CO lines, that is, line integrated intensities that are higher than
expected considering only heating from the far-ultraviolet (FUV)
field (e.g. Pon et al. 2012). Spectroscopic Herschel observations
of such lines towards the Perseus and Taurus clouds detected this
excess emission (Pon et al. 2014; Larson et al. 2015), where it
was proposed to be the result of low-velocity shocks (vshock <
4 km s−1), dissipating the overall, generic supersonic turbulence
of a molecular cloud.
In this paper, we report on the excess emission seen in mid-
J 12CO lines observed around the Musca filament and propose
that in low- to moderate density regions, exposed to a very weak
FUV field, these lines may also serve as a tracer for low-velocity
shocks. The Musca filament is located at a distance of 140
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pc (Franco 1991). We adopt the nomenclature from Cox et al.
(2016) for the different features of the Musca filament and we
indicate them in Fig. 2 (see also Fig. 2 in Cox et al. (2016)).
First, there is the high column density filament crest with N>3
1021 cm−2 (similar value to the one used by Cox et al. (2016)
which is N>2.7 1021 cm−2). In addition, C18O(2-1) emission ba-
sically disappears below this column density value. Attached to
the filament crest are intermediate column density (N∼2 1021
cm−2) hair-like structures called strands, with a size of ∼0.2-
0.4 pc. Even further outwards at larger distances, narrow straight
structures of up to a few parsec lengths, called striations (Gold-
smith et al. 2008; Palmeirim et al. 2013; Alves de Oliveira et al.
2014; Heyer et al. 2016; Cox et al. 2016; Malinen et al. 2016)
are seen. They are mostly orthogonal to the crest and located in
the ambient cloud. The ambient cloud then refers to the environ-
mental gas, traced by the extinction map in Fig. 1, embedding
the denser Musca filament crest and strands. The filament crest
is velocity-coherent (Hacar et al. 2016) and has only one young
stellar object (YSO) located at the northern end (e.g. Vilas-Boas
et al. 1994, Fig. 1). It was recently proposed that Musca is a sheet
seen edge-on (Tritsis & Tassis 2018). However, one of the main
results of a companion paper (Bonne et al., in prep., hereafter
Paper I), is that the Musca filament crest is more consistent with
a cylindrical geometry at a density of nH2 ∼ 104 cm−3. Because
other authors (Cox et al. 2016; Kainulainen et al. 2016; Hacar
et al. 2016) also support this cylindrical geometry, we adopt this
view as a working hypothesis.
In Paper I, the large scale kinematics and physical condi-
tions in the Musca filament and cloud are studied with the main
CO(2-1) isotopologues, as well as the relation between Musca
and the Chamaeleon-Musca complex. In this paper, we present
12CO(4-3) and 12CO(3-2) lines and argue for the presence of a
blueshifted excess velocity component best visible towards the
filament crest and strands. A detailed analysis of this ′blueshifted
component′ is the objective of this paper.
Here, we present a non-LTE CO excitation analysis of the
blueshifted component, as well as complementary observations
of the far-infrared fine structure transitions of carbon ([C I]), oxy-
gen ([O I]) and ionised carbon ([C II]), which reveals a warm gas
component around the filament. We show that the excitation of
this warm gas can be explained by a filament accretion shock,
that is, a low-velocity shock due to mass accretion on a filament
from a converging flow in an interstellar cloud.
2. Observations
2.1. APEX
We used the FLASH460 receiver on the APEX telescope
(Güsten et al. 2006; Klein et al. 2014), and obtained a single
pointing in [C I] 3P1-3P0 at 609 µm towards the Musca filament
at α2000 = 12h28m55s and δ2000 = -71o16′55′′, using the OFF po-
sition α2000 = 12h41m38s and δ2000 = -71o11′00′′ (Hacar et al.
2016). The beamsize is 13′′ and the spectral resolution is ∼ 0.05
km s−1. The data reduction was done with the CLASS software1.
A main beam efficiency2 ηmb = 0.49 was applied for [C I], a base-
line of order one was removed, and a correction for a 490 kHz
shift in the FLASH460 instrument was performed (see Paper I, F.
Wyrowski, priv. comm.). Fitting the [C I] single pointing (Fig. 3)
with a Gaussian profile provides a peak temperature brightness
Tmb = 3.5 K and FWHM = 0.8 km s−1 (or 3.4·10−7 erg s−1 cm−2
1 http://www.iram.fr/IRAMFR/GILDAS
2 http://www.apex-telescope.org/telescope/efficiency/
sr−1).
The CO observations with APEX are presented in more detail
in Paper I, but here we shortly summarise the most important
facts. All data was obtained in 2017 and 2018, using FLASH345
and FLASH460 for the 12CO(3-2) and 12CO(4-3) mapping of
the northern and southern regions (Fig. 1). The FLASH345
(FLASH460) observations have a spectral resolution of 0.033
(0.05) km s−1 and an angular resolution of 18′′ (14′′). Main beam
efficiencies of ηmb=0.65 (0.49) were applied to the antenna tem-
peratures. We here use data sampled to 0.1 km s−1 and smoothed
to a resolution of 28′′. This allows a better comparison to the
CO(2-1) APEX data which were taken with the PI230 receiver.
The spectral resolution for CO(2-1) is 0.08 km s−1 at an angu-
lar resolution of 28′′. Here, we applied a main beam efficiency
of ηmb=0.68. The center (0,0) position of the maps is α2000 =
12h28m58s, δ2000 = -71◦16′55′′ for the northern map and α2000 =
12h24m46s, δ2000 = -71◦47′20′′ for the southern map.
2.2. SOFIA
In June 2018, the upGREAT instrument (Risacher et al. 2018)
on the Stratopsheric Observatory for Far-Infrared Astronomy
(SOFIA) was used for a 70 minute single pointing of the 7 pixel
array covering the atomic oxygen [O I] 3P1-3P2 fine structure
line at 63 µm and the ionised carbon [C II] 2P3/2-2P1/2 fine struc-
ture line at 158 µm towards the southern APEX map at α2000 =
12h24m41s.6, δ2000 = -71◦46′41′′.0. These observations were per-
formed in the single beam switching mode with a chop ampli-
tude of 150′′ towards a location with weak or no emission in all
Herschel far-infrared bands (70-500 µm). This was done to ob-
tain a good baseline for such sensitive observations. Mars was
used as a calibrator to determine the main beam efficiencies of
the individual pixels. The fitted water vapor column was typi-
cally around 10 µm. All the intensities reported here are on the
main beam temperature scale. The [O I] and [C II] observations
have a main beam size of 6.3′′ and 14.1′′, respectively, and both
data sets were smoothed to a spectral resolution of 0.3 km s−1.
There is no detection of the [C II] and [O I] lines (Sec. A) in
the individual pixels (Fig. A.1) or in the array-averaged spec-
tra (Fig. 3). The 3σ upper limits for the two lines are 0.11 K and
0.19 K, equivalent to 7.5·10−7 erg s−1 cm−2 sr−1 and 2.1·10−5 erg
s−1 cm−2 sr−1 when assuming a FWHM of 1 km s−1, for [C II]
and [O I], respectively.
3. Results and analysis
3.1. The ambient FUV field from a census of nearby stars
We estimated the FUV field upper limit in Musca using a cen-
sus of nearby ionising stars (e.g. Schneider et al. 2016). For that,
we employed the SIMBAD3 database (Wenger et al. 2000) and
imposed a search for B3 and earlier type stars within a radius
of 40◦ (100 pc), centered on the Musca filament, and a maximal
distance of 250 pc. This provided a census of 59 ionising stars in-
cluding two dominant O9-type stars. Knowing the spectral type
of these ionising stars, we estimated the contribution of the FUV
emission using model atmospheres4 of Kurucz (1979) with so-
lar abundances (Grevesse & Sauval 1998) and log(g) ∼4.0 (g
is the surface gravity). The temperature of the different spectral
types was obtained from Fitzpatrick & Massa (2005) and Pecaut
& Mamajek (2013). The distance information and the location
3 http://simbad.u-strasbg.fr/simbad/sim-fsam
4 http://www.oact.inaf.it/castelli/castelli/grids.html
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Fig. 1. Herschel column density map of the Musca filament (Cox et al. 2016) inserted into the extinction map of the Musca cloud (Schneider
et al. 2011), which is scaled to the Herschel column density map. The filament crest is defined as N > 3·1021 cm−2 (purple and white). The region
outlined by a red rectangle is the zoom displayed in Fig. 2. The ambient cloud is displayed in green and blue. The northern and southern areas
mapped with FLASH+ on the APEX telescope are indicated in black. The triangle indicates the location of the only YSO in the Musca filament.
on the sky of both Musca and the stars then allows to calculate
their relative distances. We assumed a r−2 decrease of the flux
and projected all stars in the plane of the sky, and obtained in
this way an ambient FUV field of 3.4 G0 (Habing 1968) for the
Musca cloud as an upper limit. The real field is lower because
we did not take into account any extinction, that is, attenuation
by diffuse gas and blocking by molecular clumps.
3.2. Limits on FUV heating from CI & CII
As a second method to constrain the ambient FUV field, we used
the SOFIA [C II] upper limit and the APEX [C I] brightness ob-
served in Musca. [C II] is an excellent tracer of the FUV field
at low densities as it is a direct result of the ionising radiation
(e.g. Tielens & Hollenbach 1985) and its non-detection points to-
wards a low value for the ambient FUV field. [C I] is not a direct
product of FUV ionisation, but PDR models demonstrate that its
brightness is also sensitive to the FUV field (e.g. Hollenbach &
Tielens 1997; Röllig et al. 2007). In this section, we compare the
observed line brightness with predictions from PDR models us-
ing the 2006 version of the PDR toolbox5 (Kaufman et al. 2006;
Pound & Wolfire 2008). These plots are expressed in molecular
hydrogen density nH2 , where we assume that all hydrogen atoms
are locked in molecular hydrogen.
The [C II] upper limit restricts the FUV field to values < 1
G0 for densities nH2 ≤ 104 cm−3. This is consistent with the in-
tensity of the [C I] line which is so weak that it is below the
minimum value in the PDR toolbox. Even with a beam filling
value of 30 % for [C I], which would be low around the Musca
filament, the FUV field remains below 1 G0 for typical densities
of the Musca ambient cloud. Using the Meudon PDR code6 (Le
Petit et al. 2006; Le Bourlot et al. 2012; Bron et al. 2014) for
the same lines, confirms that the upper limit on the [C II] inten-
sity can only be the result of a FUV field strength < 1 G0. With
these observational upper limits for the ambient FUV field, the
5 http://dustem.astro.umd.edu/pdrt/
6 http://ismdb.obspm.fr/
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Fig. 2. Zoom (red box in Fig. 1) into the Herschel 250 µm map of
Musca, indicating the striations, strands and the filament crest (Cox
et al. 2016).
Kaufman et al. (2006) PDR models restrict the maximal surface
temperature of the cloud to 25 K. This temperature upper limit
for gas embedded in such a weak FUV field is also found in
other theoretical models where heating by the FUV field is taken
into account (e.g. Godard et al. 2019), and consistent with the
maximal CO temperature in numerical simulations of molecular
clouds evolving in a FUV field ≤ 1.7 G0 (Glover & Smith 2016;
Clark et al. 2019).
3.3. CO spectra in Musca
3.3.1. Three CO velocity components
Figure 3 shows spectra averaged across the northern (top panel)
and southern (bottom panel) filament for Herschel column den-
sities N > 3·1021 cm−2.
The spectra of the CO isotopologues unveil three velocity
components that show small velocity variations in the north and
south. First, there is a single component in C18O(2-1) at 3.5 km
s−1 (north) and 3.1 km s−1 (south) that traces the Musca filament
crest (Hacar et al. 2016). In 13CO(2-1) one observes a blueshifted
shoulder to the velocity component of the filament crest, which is
a velocity component related to the strands, namely, the dense in-
terface region between the filament crest and the ambient cloud.
It has a typical velocity of 3.1 km s−1 in the north and 2.7 km
s−1 in the south and is not detected in C18O with current data.
In 12CO a third velocity component is observed, without any
clearly detected counterpart in 13CO or C18O, which is further
blueshifted so that we call it the ′blueshifted component′. The
brightness peak of the blueshifted component in the northern
map occurs at 2.8 km s−1 and in the southern map at 2.5 km
s−1. This blueshifted component is the focus of this paper.
The individual 12CO(4-3) spectra in the northern map are
presented in Fig. 4, overlaid on the Herschel column density and
temperature map in the top panels and together with individual
spectra in other CO isotopologues at selected positions in the
Fig. 3. Top: APEX CO and [C I] spectra in the northern map, averaged
over the filament crest (N > 3·1021cm−2). Bottom: APEX CO spec-
tra averaged over the southern map and the 7-pixel averaged SOFIA
[C II] and [O I] lines that are not detected above the 3σ level. We note
the prominent blueshifted velocity component around 2.8 km s−1 in the
north and at 2.5 km s−1 in the south, only visible in the 12CO lines.
bottom panel. Inspecting the 12CO(3-2) and 12CO(4-3) spectra,
we find that these lines are clearly detected towards the lower
column density regions and that this blueshifted component is
present over the entire map, see Fig. 4.
Because our assumption is that the Musca filament is cylin-
drical, the observed CO emission in direction of the crest and
strands also contains gas from the ambient cloud along the line-
of-sight. In particular, the 12CO(2-1) blueshifted line can have
a more significant component arising from this gas phase. We
can thus not fully exclude effects of high optical depth and self-
absorption, so we run tests using a two-layer gas model for the
CO(2-1) isotopologue lines in order to calculate a possible im-
pact of foreground absorption and present the results in Ap-
pendix B. For that, we assumed only 2 CO line components,
i.e. the crest component and a shoulder+blueshifted one that it
self-absorbed and only apparently shows separate components.
However, the result of this modelling is that it is not possible to
reproduce the observed CO line profiles with only two compo-
nents, so that we are confident in our approach to use 3 separate
lines. The best fitting model for the blueshifted component of
all CO lines in the northern and southern map is the one with
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Fig. 4. Top: 12CO(4-3) spectra overlaid on the Herschel dust temperature map. The (0,0) position of the map is α2000 = 12h28m58s, δ2000 = -
71o16′55′′ Middle: 12CO(4-3) spectra overlaid on the northern Herschel column density map. The white contours indicate Musca filament crest
(N > 3·1021 cm−2). The black squares indicate the locations of the spectra displayed below. Below: Zoom into spectra at selected positions in the
map. This shows that there is 12CO(4-3) and 12CO(3-2) emission at the velocity of the blueshifted component over the full map.
the parameters given in Table 1. We note from the Table that the
fitted 12CO(2-1) linewidth of the blueshifted component in the
south is higher than the linewidth obtained for 12CO(3-2) and
12CO(4-3), which have a similar width. It is thus possible that
there, the low-J 12CO(2-1) line traces more material along the
line-of-sight from the ambient cloud. Inspecting the spectra, see
Fig. 3, confirms that 12CO(3-2) and 12CO(4-3) only show up at
higher velocities and have a smaller linewidth. This difference,
and the irregular 12CO(2-1) shape in the southern map, suggests
that 12CO(2-1) traces the ambient cloud down to lower veloc-
ities than the detected 12CO(4-3) and (3-2) emission. We also
determined from the averaged 12CO(2-1) and 13CO(2-1) spectra
that the 12CO(2-1)/13CO(2-1) line ratio in the blueshifted com-
ponent in the northern and southern map are between 15 and 60,
which are expected values for optically thin emission. Note that
fractionation (see Appendix B) can cause observed values for
the 12CO/13CO ratio significantly below 60. This is in agreement
with early indications for Musca of significant CO isotopologue
abundace variations (Hacar et al. 2016) which we further confirm
in Paper I.
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line FWHM (km s−1)
∫
T dv (K km s−1) vblue (km s−1)
north
12CO(2-1) 0.35 2.0 2.7
12CO(3-2) 0.31 0.98 2.8
12CO(4-3) 0.42 0.73 2.9
south
12CO(2-1) 0.71 4.6 2.5
12CO(3-2) 0.35 1.7 2.5
12CO(4-3) 0.33 0.63 2.5
Table 1. Linewidth, integrated brightness and velocity for the average
12CO blueshifted component in the northern and southern map after fit-
ting 3 gaussians to the spectrum.
3.3.2. Density for the blueshifted component
From the sections before, we learned that the blueshifted com-
ponent is an individual feature towards the crest and strand re-
gions, and that the 12CO(2-1) line has contributions from the am-
bient cloud along the line-of-sight. Here, we estimate the typical
density and upper limit for this ambient cloud close to the fila-
ment. For that we use the density of the fitted Plummer profile at
the outer radius of the filament. With the values from Cox et al.
(2016), correcting for a distance of 140 pc for the Musca fila-
ment, this gives nH2 = 4.0·102 cm−3 at r = 0.2 pc. An approach to
estimate the density upper limit is to combine the maximal col-
umn density associated with the ambient cloud, which is N∼1021
cm−2 (Cox et al. 2016), with the minimal possible size of the am-
bient cloud. As it is unlikely that the ambient cloud has a smaller
size along the line of sight than the filament, this gives a minimal
size of 0.4 pc. Using a minimal size of 0.4 pc along the line of
sight gives an upper limit of nH2 = 8·102 cm−3 for the ambient
cloud.
The [C I] emission at the velocity of the blueshifted compo-
nent in Fig. 3 is weak, ∼1-1.5 K, but it is difficult to constrain
this because of the noise. This indicates that [C I] can trace the
ambient cloud down to at least nH2 ∼ 4·102 cm−3 in a weak FUV-
field. More extensive [C I] observations will be required to better
understand the physical conditions traced by [C I] in the ISM.
This is particularly important for comparison with simulations
since the physical conditions traced by [C I] remain uncertain in
simulations (e.g. Glover et al. 2015; Franeck et al. 2018; Clark
et al. 2019).
3.4. 12CO(4-3) excess emission in the blueshifted velocity
component
The 12CO(3-2) and 12CO(4-3) transitions have relatively high ex-
citation temperatures (33 K and 55 K respectively; Müller et al.
2005). This allows us to investigate the presence of warm gas
in the Musca cloud. We focus on the blueshifted component for
which 12CO(4-3) is observed over the full map. This could be an
indication of quite uniform heating by e.g. a FUV field, though
there are indications of spatial variations in the data. However,
because of the noise in the spatially resolved map, we will not
focus on these possible spatial variations in this paper. To further
investigate the heating that leads to the 12CO(4-3) emission, we
study the 12CO(4-3)/12CO(2-1) and 12CO(4-3)/12CO(3-2) bright-
ness temperature ratios. In the previous section, we noted that
it is important to take care comparing the integrated brightness
of 12CO(2-1) with 12CO(3-2) and 12CO(4-3) in the blueshifted
component because of their difference in linewidth. Further-
more, the noise in the 12CO(3-2) and 12CO(4-3) spectra makes
it impossible to confidently fit a spectrum for every pixel in the
12CO(4-3)/12CO(2-1) 12CO(4-3)/12CO(3-2)
mean median mean median
north (2.8 km s−1) 0.38 ± 0.06 0.38 0.62 ± 0.09 0.61
south (2.5 km s−1) 0.39 ± 0.13 0.38 0.55 ± 0.19 0.53
Table 2. Mean and median main beam brightness ratios for 12CO(4-
3)/12CO(2-1) and 12CO(4-3)/12CO(3-2) in the blueshifted component
for the northern and southern map.
Fig. 5. Histograms of the 12CO(4-3)/12CO(2-1) (blue) and 12CO(4-
3)/12CO(3-2) (green) main beam brightness ratio for the pixels in the
northern map with a 12CO(4-3) rms < 0.2 K. The dashed blue line in-
dicates the average 12CO(4-3)/12CO(2-1) ratio for all pixels, and the
dashed green line indicates the average 12CO(4-3)/12CO(3-2) ratio.
map, even when spatially smoothing the data. Because of this,
we will approach this section by focusing on the peak brightness
temperatures.
The peak brightness of the blueshifted component occurs
near 2.8 km s−1 in the northern map and near 2.5 km s−1 in the
southern map. At these velocities, we determined the brightness
temperature ratios for every pixel in the maps. In Fig. 5, the dis-
tribution of the 12CO(4-3)/12CO(2-1) and 12CO(4-3)/12CO(3-2)
peak brightness ratios for the northern map are displayed. We
determined the average and median values for the various ratios
in both maps which are summarized in Tab. 2. Overall, there
is no large difference between average and median values. For
the 12CO(4-3)/12CO(2-1) and 12CO(4-3)/12CO(3-2) ratio in the
northern map, we obtain a median value of 0.38 and 0.61 at
2.8 km s−1, respectively. In the southern map, the noise of both
the 12CO(4-3) and 12CO(3-2) transition is higher as it was ob-
served under poorer weather conditions. The median 12CO(4-
3)/12CO(2-1) ratio is 0.38 at 2.5 km s−1 and the respective value
for the 12CO(4-3)/12CO(3-2) ratio is 0.53.
3.4.1. Modeling with the PDR Toolbox
We compared the observed 12CO(4-3)/12CO(2-1) and 12CO(4-
3)/12CO(3-2) brightness temperature ratios in the blueshifted
component with predictions using the PDR toolbox in the al-
lowed density range of the ambient cloud in Musca, see Sec.
3.3.2. Figure 6 shows that for a FUV field strength <1 G0, the
predicted 12CO(4-3)/12CO(2-1) brightness temperature ratio is
smaller than 0.05, which is more than a factor 5 lower than ob-
served in Musca. The same is found for the 12CO(4-3)/12CO(3-
2) brightness temperature ratio, with predicted ratios of ∼ 0.1,
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Fig. 6. Observed 12CO(4-3)/12CO(2-1) and 12CO(4-3)/12CO(3-2) ratios
compared with predictions by the PDR Toolbox. The shaded areas, con-
structed by logarithmic interpolation between the points in the PDR
Toolbox density grid, show the evolution of the 12CO(4-3)/12CO(2-1)
and 12CO(4-3)/12CO(3-2) brightness temperature ratio as a function of
the FUV field in the allowed density range of the Musca cloud. At a
typical density nH2 = 4·102 cm−3 of the ambient cloud (dashed line) for
the allowed FUV field strength (< 1 G0), the predicted line ratios are
only a fraction of the observed ones in the blueshifted component.
which is again more than a factor 5 lower than observed. It is
thus impossible to obtain the observed ratios for the densities
and FUV field strength in the ambient Musca cloud that are al-
lowed by [C II], [C I], [O I], and the calculated upper limit from
the nearby census of OB stars. This strongly suggests that the
12CO(4-3) emission in the low-column density blueshifted com-
ponent cannot be explained as a result of FUV heating.
3.4.2. Modeling with RADEX
We further investigate whether the 12CO(4-3)/12CO(2-1) and
12CO(4-3)/12CO(3-2) brightness temperature ratios in the
blueshifted component can be reproduced with the non-LTE
RADEX code (van der Tak et al. 2007). We use a non-LTE
approach because the high critical density (nH2 > 5·104 cm−3)
of 12CO(3-2) and 12CO(4-3) implies that these lines are subther-
mally excited. For RADEX analysis we use a FWHM of 0.4
km s−1, temperatures between 15 and 25 K, and representative
densities for the ambient cloud: nH2 = 3·102, 5·102, 7.5·102 and
1.5·103 cm−3.
For each RADEX model, we also need an upper limit on the
12CO column density of the blueshifted component. This can
be done by calculating with RADEX the 13CO column density
from the 13CO(2-1) brightness (∼0.6 K, see Fig. 3) for every
density and temperature. In a weak FUV field the [12CO]/[13CO]
abundance ratio is ≤ 60 (Visser et al. 2009; Röllig & Ossenkopf
2013), which puts an upper limit on the 12CO column density
and opacity. For further analysis, we use RADEX models
with a predicted 12CO(2-1) brightness up to 50% brighter than
observed towards Musca to take into account some uncertainties
such as possible opacity broadening of 12CO(2-1) compared to
12CO(4-3), a non unity beam filling or different line calibration
(uncertainty in ηmb).
Studying the 12CO(4-3)/12CO(2-1) and 12CO(4-3)/12CO(3-2)
brightness temperature ratios within these limits, we find that
the ratio increases with increasing density, column density
Fig. 7. 12CO(4-3)/12CO(2-1) brightness temperature ratios predicted
with RADEX for the plausible range of physical conditions in the ambi-
ent cloud of the Musca filament. The lines connect the RADEX models
with identical density and temperature for varying 12CO column densi-
ties. The predicted ratios with RADEX show a huge discrepancy with
the observed 12CO(4-3)/12CO(2-1) ratio towards the Musca cloud (indi-
cated by the dashed line). The standard deviation of the observed values
from the average is indicated by the grey area. The same is observed for
the 12CO(4-3)/12CO(3-2) brightness temperature ratio.
or temperature, see Fig. 7. However, no model is capable to
reproduce more than 40% of the observed 12CO(4-3)/12CO(2-1)
and 12CO(4-3)/12CO(3-2) ratios towards the Musca ambient
cloud, see Fig. 7 for the 12CO(4-3)/12CO(2-1) ratio.
Taking higher densities for the ambient cloud than put forward
in sect. 3.3.2, does not offer a solution for bringing calculations
in agreement with observations. Though this can increase the
predicted ratio for a fixed temperature and 12CO column density,
this also strongly increases the line brightness temperature.
Consequently, one either has to reduce the temperature or 12CO
column density to keep line brightnesses that are not too far off
from the observed values. This effort again forces brightness
temperature ratios to values found in Fig. 7.
From both approaches, it thus appears impossible to reproduce
the observed 12CO(4-3)/12CO(2-1) and 12CO(4-3)/12CO(3-2)
brightness temperature ratios assuming that there is only
collisional and radiative heating.
3.5. A warm and dense gas component
3.5.1. The CO line ratio with RADEX
In order to increase the 12CO(4-3)/12CO(2-1) and 12CO(4-
3)/12CO(3-2) brightness temperature ratio while keeping the
brightness of both lines low enough, one needs to consider
a small layer embedded in the diffuse gas that can increase
the 12CO(4-3) brightness without significantly increasing the
12CO(2-1) and 12CO(3-2) emission. Based on the 12CO(4-3) ex-
citation conditions, the layer should contain warm gas (> 50 K).
In fact, this ’layer’ can be clumpy, that is, pockets of warm gas
that are embedded in more tenuous interclump gas. However,
modelling such a scenario is not possible with RADEX and out
of the scope of this paper. Our objective here is to show the
existence of a warm gas component. We thus investigated with
RADEX the impact of a warm gas layer by running models with
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Fig. 8. Predicted brightness temperature ratio of 12CO(4-3)/12CO(2-1)
by RADEX as a function of temperature for different densities. This
demonstrates the need for a warm and dense CO layer to at least reach
the observed brightness ratios in the blueshifted component. For each
density we plot the ratio for a column density such that the predicted
brightness of 12CO(4-3) by RADEX is roughly similar to the observed
brightness towards Musca (Tmb=1.5 - 3 K) at the temperatures that ob-
tain sufficiently high brightness ratios. The lowest three densities (nH2 =
103, 3·103 and 5·103 cm−3) use N12CO = 1.1·1015 cm−2, and nH2 = 7·103
cm−3 uses N12CO = 9·1014 cm−2. The black horizontal line indicates the
average observed ratio towards Musca, and the grey area indicates the
standard deviation.
Fig. 9. Predicted brightness temperature ratio of 12CO(4-3)/12CO(3-2)
by RADEX for the same models that are presented in Fig. 8. It confirms
the need for high temperatures (> 50 K) and densities (5-7·103 cm−3)
to reach the observed excitation of 12CO(4-3). The black horizontal line
indicates the average observed ratio towards Musca, and the grey area
indicates the standard deviation.
a FWHM of 0.4 km s−1 as an overall average, and temperatures
between 10 and 150 K at different densities. Note that a temper-
ature of 150 K would result in a thermal FWHM of 0.5 km s−1.
This is higher than the observed typical FWHM of 0.4 km s−1,
but we anticipate that there is also uncertainty on the FWHM so
that we work with a kinetic temperature upper limit of 150 K. We
additionally restrain ourself to models that manage to reproduce
the observed 12CO(4-3) brightness temperature in Musca7. Fig-
ures 8 and 9 show the results for different densities. Both the
12CO(4-3)/12CO(2-1) and 12CO(4-3)/12CO(3-2) ratios indicate
that a temperature > 50 K as well as relatively high densities are
required to reach the observed ratios. The 12CO(4-3)/12CO(3-2)
ratio, in particular, points to high densities and temperature, see
Fig. 9, in order to reach the observed ratios.
Though the RADEX analysis demonstrates the need for
warm and dense gas to obtain the observed 12CO(4-3) bright-
ness in the blueshifted component, we can not narrow down
more precisely the temperature and density range because there
are no higher-J CO observations at the moment. This warm and
dense gas exactly fits with the predictions for gas heated by low-
velocity shocks (Pon et al. 2012; Lesaffre et al. 2013), and so-
called slow-type (with regard to their phase velocity) magne-
tised shocks with vs = 1-3 km s−1 can easily reach tempera-
tures as high as 100 K (Lehmann & Wardle 2016). These slow-
type shock models predict a physical size of the warm gas layer
around 1015 cm, which fits with the estimated physical sizes for
the RADEX models. The estimated size, that is the layer thick-
ness, of the models that manage to reach the observed bright-
ness temperature ratios in Figs. 8 and 9 are 1.3·1015 cm and
2.2·1015 cm, respectively at nH2 = 7·103 cm−3 (with N12CO =
9·1014 cm−2) and 5·103 cm−3 (with N12CO = 1.1·1015 cm−2). To
calculate the physical size of the RADEX models an abundance
of
[
H2
]
/
[12CO] = 104 was used, which is a typical value for
weakly irradiated molecular gas.
Lastly, we note that this warm gas is observed in both maps and
thus likely universally present around the Musca filament.
3.5.2. CI column density in the blueshifted component
We noted in Fig. 3 the presence of [C I] emission in the
blueshifted component with a brightness temperature of the or-
der of 1-1.5 K. From this weak [C I] emission we here estimate
the [C I] column density. We use a FWHM = 0.4 km s−1, a tem-
perature of 20 K, and typical densities nH2 = 5-7.5·102 cm−3 for
the ambient Musca cloud with RADEX. This points to NCI ∼
1016 cm−2, see Tab. 3. Comparing this with the same models for
12CO emission from the ambient cloud in section 3.4, we find
that at least 20% and possibly up to 50% of carbon is still found
in its atomic form.
On the other hand, it is observed from Tab. 3 that the warm
and dense gas layer, necessary to explain the bright 12CO(4-3)
emission, provides a negligible contribution to the [C I] emis-
sion.
We thus emphasise again that the blueshifted component has two
contributions:
- The ambient cloud which gives rise to [C I] and low-J CO emis-
sion.
- A warm gas layer (or pockets of warm gas) with little [C I]
emission that is responsible for the bright CO(4-3) line.
3.6. Shock models
For an in-depth comparison with shock models, it would be
preferable to have additional observations of mid-to high-J
(Jup > 4) CO lines (e.g. Pon et al. 2012; Lehmann & Wardle
7 Using brightness temperatures for modelling is less convenient be-
cause of the unknown beam filling factors of CO emission which are
eliminated to first order using line ratios. We nevertheless use the
12CO(4-3) line as an additional - though weak - indicator for the best
fitting model.
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T (K) nH2 (cm
−3) NCI (cm−2) Tmb (K)
(1) (2) (3) (4)
ambient cloud
20 5·102 1016 1.0
20 7.5·102 1016 1.2
warm gas layer
60 7·103 9·1014 0.16
90 7·103 9·1014 0.15
Table 3. Predicted [C I] brightness temperatures (4), calculated with
RADEX for various temperatures (1) and densities (2) for the
blueshifted velocity component. This indicates a [C I] column density
(3) of ∼1016 cm−2 for the ambient cloud, while the contribution from
the warm gas layer to the observed [C I] emission is negligible.
2016) since 12CO(2-1), and possibly some 12CO(3-2), emission
in the blueshifted component also comes from non-shocked gas
(as it is found in synthetic observations of simulations; see Fig.
13).
Because observational studies so far focussed on the higher-J
CO lines observed with Herschel (Pon et al. 2014; Larson et al.
2015), it is not well investigated to which extent mid-J CO lines,
in particular the 12CO(4-3) transition, contribute as a cooling line
for shocks. We thus compared our observations to results of the
Paris-Durham shock code (Flower & Pineau des Forêts 2003;
Lesaffre et al. 2013; Godard et al. 2019) that are available for
both non-irradiated C- and J-type shocks.
Looking into computed model grids, we find that non-irradiated
C-type shocks with a pre-shock density nH2,0 ∼ 5·102 cm−3 do
not manage to reproduce the observations. Both the integrated
intensity of 12CO(4-3) and the predicted ratios are below the
observed values in Musca. However, J-type shocks, which are
good first order models for slow-type shocks (Lehmann & War-
dle 2016), with a pre-shock density nH2,0 ∼ 5·102 cm−3 fit with the
12CO observations, see Fig. 10. The predictions by these models
for the [C II], [O I], and [C I] brightnesses are also in agreement
with the observations of Musca (see Appendix A). J-type shocks
as a proxy for slow-type low-velocity shocks are justified since
the dynamics of these slow-type shocks are driven by the gas
pressure. Note that we used published shock models from the
Paris-Durham code for this first comparison which have shock
velocities of 4 km s−1 and higher, while in Musca the shock ve-
locity can be lower. A comparison with shock models at lower
velocities is work in progress, and will be addressed in a forth-
coming paper.
The nondimensional parameter b = (B/1µG)/
√
n cm−3 = 0.1 in
the shock models, with B the component of the magnetic field
that is perpendicular to the direction of shock propogation, is
used to model J-type shocks, and b = 1 is used to model C-type
shocks (Lesaffre et al. 2013).
To perform a first estimate of the shock velocity, we have to
take into account that there is an orientation angle for the shock
propagation with respect to the plane of the sky (POS). We will
assume shock propagation along the magnetic field. In this sce-
nario, one can estimate the true shock velocity when the angle
between the magnetic field and the POS is known, using
vshock = vlos/ sin(γ), (1)
where γ is the angle between the magnetic field and the POS,
and vlos is the observed shock velocity along the line of sight for
which we take 0.4 km s−1. In Planck Collaboration et al. (2016),
Fig. 10. 12CO(4-3)/12CO(2-1) integrated brightness ratio (black) for J-
type shock models from the Paris-Durham code. The ratio at a shock
velocity of 4 km s−1 is higher than observed in Musca. This is expected
because the ratio decreases towards lower velocities and the 12CO(2-
1) emission in Musca also comes from non shocked gas, such that
the observed ratio is a lower limit for the shock models. In red, we
show the integrated brightness of 12CO(4-3) for the same shock mod-
els, together with the 12CO(4-3) integrated brightness interval of the
blueshifted component in Musca. The observed values in Musca show
a relatively good agreement with the predicted 12CO(4-3) integrated
brightness for a pre-shock density of nH2,0 ∼ 5·102 cm−3.
a value around 25◦ is put forward for the angle between the mag-
netic field and the POS. This results in a shock velocity around
0.9 km s−1. This fits nicely with the proposed presence of slow-
type low-velocity shocks, which need to have velocities between
the sound speed (cs) and vAcos(θ). With vA the alfvén speed and
θ the angle between the magnetic field and the propagation di-
rection of the shock (Lehmann & Wardle 2016). The expected
alfvén speed towards the ambient cloud in Musca is of the or-
der of 2.2 km s−1, assuming a 33µG magnetic field strength at
nH2 ∼ 4·102 cm−3 (Crutcher 2012). We thus find that the esti-
mated shock velocity fits with the conditions that allow a slow-
type shock. An angle < 10◦ between the magnetic field and the
plane of the sky is required for a shock velocity > 2.2 km s−1.
Summarising, the CO brightness temperature ratios that
we observe in Musca are consistent with the predictions from
low-velocity shock models (e.g. Pon et al. 2012; Lehmann &
Wardle 2016). Low- to mid-J CO lines may thus indeed be used
to detect low-velocity shocks but more observational studies are
required to better understand the quantitative contribution from
shock excitation.
Since SiO transitions can be used as a tracer of certain shocks
(e.g. Schilke et al. 1997; Gusdorf et al. 2008a,b), it is worth not-
ing the SiO(5-4) line was not detected towards the Musca fila-
ment. With RADEX this allows to put a 3σ upper limit on the
SiO column density of ∼ 1014 cm−2 at the filament crest, assum-
ing nH2 = 10
4 cm−3. This implies that less than 0.06 % of Si is
in the form of SiO at the Musca filament crest (see App. C for
more information). Taking that all the gas-phase silicon is found
in the form of SiO at the crest (Louvet et al. 2016), suggests that
all Si is locked in the grains of the Musca cloud at an early stage
of evolution. To explain the presence of SiO in the gas phase, as
is found in regions like W43 (Louvet et al. 2016), implies that
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there is the need for an important dynamical or radiative history
in such clouds to release Si from the grains in the gas phase.
4. A filament accretion shock signature in
simulations
From the analysis of the observations, we found the presence
a of warm gas layer around the dense gas (filament crest and
strands) in the Musca cloud. These findings are here compared
with synthetic observations from a converging flow simulation
of filament formation (Clarke et al. 2018). We emphasize that
this is a qualitative comparison to investigate the role of low-
velocity shocks in filament formation, because the simulation
was set up for simulating slightly denser features such as the fil-
aments in Taurus. Nevertheless, we find in the simulations some
generic features related to filament accretion that are observed
in Musca. In these simulations a radially convergent flow forms
dense filaments with nH2 & 10
4 cm−3, see Fig. 11 and Fig. 13.
The filamentary structure, that continuously accretes mass from
this converging flow, has a size of 3-4 pc. Turbulence in the flow
leads to structure formation in the converging flow, causing inho-
mogeneities in the accretion and subsequent substructure in the
filament. The simulation includes hydrodynamics, self-gravity,
and heating and cooling coupled with non-equilibrium chem-
istry. From this self-consistent CO formation in the simulations,
synthetic observations are produced.
The filament edge is defined by filament accretion shocks, see
for example Fig. 11, which is a low-velocity shock due to mass
accretion on an interstellar filament from a converging flow in a
molecular cloud. For more information on these simulations and
synthetic observations, we refer to Clarke et al. (2017, 2018).
No magnetic field is included in the simulations, which could
have an impact on the shock properties (e.g. Draine et al. 1983;
Lesaffre et al. 2013). For a shock propagating perpendicular to
the magnetic field, this makes the shock wider and decreases the
peak temperature. However, slow-type shocks, which can fit the
observed emission, tend to resemble non-magnetised shocks be-
cause the dynamics is driven by gas pressure (Lehmann & War-
dle 2016). In the simulations the warm post-shock layer is not
resolved, as post-shock cooling of a low-velocity J-type shock
occurs over small distances (e.g. Lesaffre et al. 2013; Whitworth
& Jaffa 2018), implying that the gas heated by the shocks is
smeared out. Consequently, the temperature of the heated gas is
underestimated. Nonetheless, it is generally observed in the sim-
ulations that the 3D dense filamentary structure is confined by a
gas layer that shows an increase in temperature as a result of fil-
ament accretion shocks. Figure 12 shows a temperature map, cut
out of the simulation, that illustrates this temperature increase at
the border of the filament, followed by a temperature drop into
the filament.
The good correspondence with synthetic spectra derived
from the simulation is remarkable, see Fig. 11. We observe the
bulk emission of the filament with the C18O(2-1) line and, more
importantly, a bright blueshifted component in 12CO(4-3) with
no C18O emission that connects the velocity of the inflowing
cloud and the dense gas. This is similar to what is found in the
Musca filament. In the simulations, this 12CO(4-3) component
corresponds to a strong velocity transition and density increase
from a filament accretion shock of the inflowing mass reservoir,
see Fig. 11. This accretion shock is responsible for the observed
blueshifted 12CO(4-3) component. It can be wondered how the
slightly lower temperatures in the simulation compare to the es-
timated values for Musca give rise to the same signature. But
as mentioned before, the simulations were designed for some-
what higher densities than Musca, which increases the 12CO(4-
3) emission and thus compensates for the slightly lower temper-
atures.
Since the dense filaments in the simulation are confined by
an accretion shock, it is not surprising that the 12CO(4-3) ex-
cess is found at both observed locations in Musca as it likely
confines the entire filament. Figure 12 displays that behind the
heated gas layer by the filament accretion shock there is also a
sharp decrease in temperature from ∼15 K to ∼10 K. This cre-
ation of cold and dense gas through a filament accretion shock
can also be observed in the temperature histograms of the sim-
ulations where the dense gas, created by an accretion shock, is
either warmer (>25 K) or significantly colder (∼ 10 K) than the
inflowing cloud (∼ 15-17 K), see Fig. 13. This demonstrates
that accretion shocks from a continuously inflowing cloud, as
observed in Musca, play an essential role in the cooling of the
dense star forming ISM. This cooling is related to the increased
shielding of the dense gas and the increased cooling rate by CO
due to the higher density, since CO is an important coolant of
molecular clouds (e.g. Goldsmith & Langer 1978; Whitworth &
Jaffa 2018).
5. Filament formation due to the dissipation of MHD
flows
We have put forward that the 12CO(4-3)/12CO(2-1) and 12CO(4-
3)/12CO(3-2) excess in the blueshifted component can be ex-
plained by the presence of warm, dense gas that has properties
predicted by low-velocity shock models. In particular the ob-
served emission can fit with slow-type shocks, while simulations
show that these slow-type shocks typically occur at relatively
low velocities of vs < 3 km s−1 found in Musca (Lehmann et al.
2016; Park & Ryu 2019). Furthermore, as the flow near the fila-
ment is expected to be well aligned with the magnetic field (Cox
et al. 2016), the shock velocity upper limit for slow-type shocks
(vA cos θ) reaches a maximum. This increases the possibility for
slow-type shocks to occur. A small, but significant, change in
orientation of the magnetic field takes place from the mass reser-
voir to the filament in Musca (Planck Collaboration et al. 2016)
which could be the result of low-velocity shocks (Fogerty et al.
2017). Lastly, the observed warm and dense gas layer connects
the velocity of the ambient cloud and dense gas in Musca, which
indicates that the accretion shock dissipates the kinetic energy of
the supersonic converging flow and increases the cooling rate to
form a (trans-)sonic dense and cold filament.
If the Musca filament is indeed confined by the accretion shocks,
we can do a first check whether the current results give a rea-
sonable estimated mass accretion rate. The mass accretion rate
through this low-velocity shock is estimated in Appendix D, giv-
ing a mass accretion rate & 20 M pc−1 Myr−1. This is similar
to the typical values reported for mass inflow towards filaments
that will form low-mass stars (e.g. Palmeirim et al. 2013), and
would imply that Musca can accrete its current mass in 1 Myr.
6. Summary
In this paper we present observations of [C II] and [O I] with
SOFIA, and observations of 12CO(4-3), 12CO(3-2) and [C I] with
APEX towards the Musca filament. Studying these important
cooling lines, we find that Musca has an extremely weak FUV
field (< 1 G0), confirmed by determining the FUV field with a
census of ionising stars. We further estimated a density nH2 ∼
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Fig. 11. Bottom: C18O(2-1) integrated intensity map of the simulation (Clarke et al. 2018), with the black square indicating the region that is
studied in this figure. The red box indicates the region displayed in Fig. 12. Left: 12CO(4-3) and C18O(2-1) spectra extracted from the square
which show a blueshifted 12CO(4-3) component (blue) in addition to the component related to the bulk emission of the filament crest (red). The
two velocity intervals used for the plot on the right are indicated in blue and red. Right: Physical location along the line of sight of the gas in the
velocity intervals, showing that the larger blueshifted velocity interval covers a small region compared to the filament and that it is located at the
border of this filament where the density strongly increases because of a filament accretion shock.
Fig. 12. Smoothed (σ = 1.3 pix) cut at z = 0.05 pc through the temper-
ature cube of the simulation, with the black contours (N = 5·1021 cm−2)
roughly indicating the high column density filament. Note the local in-
crease in temperature at the sub-filament border due to the accretion
shocks and the temperature drop in the sub-filaments after the shock
compared to the inflowing mass reservoir. Because of smoothing, the
temperature peaks of the shocked gas in the map have decreased. The
area of the simulation that is covered by this figure is indicated in Fig.
11
5·102 cm−3 for the ambient gas near the Musca filament, and
found that 20 to 50% of carbon in the ambient cloud is still in
atomic form. In the interface region between the ambient cloud
and dense gas in the crest and strands, blueshifted excess emis-
sion was found with the 12CO(4-3), (3-2), and (2-1) lines.
A non-LTE radiative transfer study with RADEX points to
the existence of a small warm (&50 K) gas layer at relatively
high density (nH2 ≥ 3·103 cm−3). This ′layer′ can actually be
clumpy with pockets of warm gas embedded in a cooler inter-
clump phase. This excess emission fits with predictions for non-
irradiated slow-type low-velocity shock models with a pre-shock
density nH2,0 ∼ 5·102 cm−3. The estimated shock velocity also fits
with the shock velocity interval for slow-type shocks.
Comparing the location of the shock emission in the spectra with
synthetic observations in simulations of filament formation, we
obtain a scenario where the dense Musca filament is formed by
low-velocity filament accretion shocks in a colliding flow. These
low-velocity MHD filament accretion shocks dissipate the super-
sonic kinetic energy of the colliding flow, creating a (trans-)sonic
dense filament. Because of increased shielding and efficient CO
cooling in the dense post-shock gas, these accretion shocks play
an important role in cooling the dense filamentary ISM that can
form stars in the near future.
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Fig. 13. Left: Density distribution of the gas with a sufficient CO abundance to be observable in a 12CO(4-3) excess component. CO is considered
detectable if more than half of the carbon is locked in CO. Note that the density distribution is relatively bimodal, with the densest already shocked
gas highlighted in red. Right: Temperature distribution of all the CO gas in grey, with in red the temperature of the high density gas highlighted
on the left. We find for the dense gas that almost all gas at T = 15 - 25 K has disappeared, leaving only the cold (< 15 K) and warm gas (> 25 K).
This demonstrates that post-shock gas is either warm or cooled behind the shocked gas layer compared to the temperature of the inflowing mass
reservoir.
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Appendix A: SOFIA [O I] and [C II] observations
The individual pixels of the upGREAT LFA and HFA, covering
the [C II] 158 µm line and the [O I] 63 µm line, respectively, are
displayed in Fig. A.1. Both lines, [C II] and [O I] are not detected
above an rms (depending on the pixel) of 0.06 and 0.13 K for
the LFA, and 0.11 and 0.21 K for the HFA.
[O I] is a possible shock tracer, but its non detection does
not argue against a possible shock excitation, see Fig. A.2,
because of the difficulty to excite [O I] emission. It either needs
high-velocity shocks (Hollenbach & McKee 1989), an irradiated
lower velocity shock (Lesaffre et al. 2013; Godard et al. 2019)
or dense J/CJ-type shocks (Flower & Pineau Des Forêts 2010;
Gusdorf et al. 2017). Simulations of massive molecular cloud
formation through colliding flows predict an [O I] brightness
around 0.01 - 0.05 K km s−1 (Bisbas et al. 2017). Yet, such
predicted brightnesses are highly uncertain because of the
unconstrained atomic oxygen abundance in the ISM (e.g. Meyer
et al. 1998; Cartledge et al. 2004; Jenkins 2009; Hincelin et al.
2011).
Appendix B: A two layer multi-component model
To investigate possible effects of self-absorption, we apply a
multi-component dual layer model (Guevara et al. 2020) to the
observations of the CO(2-1) isotopologues. This LTE model fits
the radiative transfer equations for multiple components dis-
tributed in two layers. The assumption of LTE for low-J CO lines
is a justified approximation, as discussed in for example Gold-
smith & Langer (1999); Liszt et al. (2006). van der Tak et al.
(2007) also show that the LTE model is mostly valid for the
ground state CO(1-0) transition and deviations from this approx-
imation increase with the quantum number of the upper level.
Here, we only use the CO(2-1) isotologue transitions. The fitted
radiative transfer equation is given by
Tmb(v) =
∑
ibg
Jν(Tex,ibg )
(
1 − e−τibg (v)
) e−∑ifg τifg (v)+∑
ifg
Jν(Tex,ifg )
(
1 − e−τifg (v)
)
,
(B.1)
withJν(Tex) the equivalent brightness temperature of blackbody
emission at a temperature Tex:
Jν(Tex) = hνkB
1
eT0/Tex − 1 , (B.2)
with the equivalent temperature of the excited level T0 = hν/kB
and ν the transition frequency. The single components of the
model are represented by Gaussian profiles, thus the velocity de-
pendent optical depth of every component is given by:
τ(v) = τ0e−4 ln 2
( v−v0
w
)2
, (B.3)
with v0 the central (LSR) velocity of the component and w
the line width (FWHM).
Each of our components (background and foreground alike)
are characterized by four quantities: excitation temperature, op-
tical depth, position (LSR velocity), and width (FWHM). For a
given number of components the model fit converges towards the
best values for each parameter in a given range. The line position
and its width are confined by the observed line profile, thus the
excitation temperature and optical depth remain free parameter.
The combination of Tex and τ is degenerate, that is, higher ex-
citation temperatures go together with lower optical depths and
vice versa (and then give a similar fit). However, we can to first
order constrain the gas temperature using the Herschel dust tem-
perature Td.
The Musca filament (in particular in the crest), is most likely
heated by cosmic rays because neither thermal (low densities)
nor radiative heating (low FUV field) dominates. The main cool-
ing of the gas is happening via the low-J CO lines. Because of
the low densities, freeze-out of CO is probably not so signifi-
cant as it is for high densities. Standard dust models (Goldsmith
2001) predict a difference between gas and dust temperature
(with Tg >Td), while recent studies (Ivlev et al. 2019), consider-
ing also the grain size distribution, anticipate a less strong differ-
ence between gas and dust temperatures. We thus use as a start-
ing value the dust temperatures derived from Herschel shown
in Fig. 4 and apply a gas excitation temperature in the range of
10 to 13 K for the filament crest component and of T > 13 K for
the shoulder+blueshifted component. Therefore, only the optical
depth remains as a free parameter.
The two layer multi-component model is applied to the
northern position (the results for the southern position are simi-
lar) iteratively for the three transition lines: C18O(2-1), 13CO(2-
1) and 12CO(2-1), as shown in Fig. B.1.
We start with the C18O(2-1) line where we expect no absorp-
tion due to the foreground. This way we determine the back-
ground components, detected with this line, which are simply
scaled up by the natural abundance ratio for the two remaining
molecular carbon lines. The physical parameter of each compo-
nent obtained from the model fit are summarized in Table B.1
and plotted in the upper left panel of Fig. B.1. This fit constrains
the position and optical depth of the background component.
We then continue to model the 13CO(2-1) line profile. Be-
cause the background components are here constrained by the
C18O(2-1) fit, we scale up the background components by the
13CO/C18O ∼ 7 ratio. We do not strictly fix the parameter ob-
tained from the C18O(2-1) model fit, but allow the model to find
the best fit in a small range around the given parameter.
The scaled up background emission overshoots the observed
line at v∼ 3.5 km s−1. To model the observed line intensities, we
add a cold foreground layer with T<10. The foreground com-
ponent absorbs the overshooting emission, see the upper right
panel of Fig. B.1. Note, however, that it is unlikely that we have a
cooler layer that ′wraps around′ the filament (which we consider
a cylinder) because the Herschel temperature map clearly shows
an increasing temperature when going outwards from the crest,
see Fig. 4. The only possible way that one could have cool fore-
ground emission that can absorb emission, is by considering a
clumpy medium that is unresolved by the Herschel beam. In this
unresolved clumpy medium, located in the foreground of the line
of sight, one then would need mixed relatively cold (< 10 K) and
warm gas (> 15 K) which gives rise to a steadily increasing av-
erage temperature in the Herschel beam when moving outwards
from the filament crest.
The second blueshifted component only matches the ob-
served emission with an increased 13CO/C18O abundance ratio,
see Table B.1. The abundance ratio between the molecules is
not a very well defined value. The processes of selective pho-
todissociation and carbon isotopic fractionation can modify the
relative abundances of CO isotopologues (e.g. Visser et al. 2009;
Liszt 2017). In particular in more diffuse regions, the fraction-
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Fig. A.1. Left: Observed pixels for the [C II] 158 µm line with the SOFIA telescope with a spectral resolution of 0.3 km s−1. Right: Observed
pixels for the [O I] 63 µm line.
Fig. A.2. Intensity of [C II] (blue), [O I] (red), and [C I] (green) predicted
for J-type shock models with a preshock density of n = 103 cm−3 and n
= 104 cm−3 by the Paris-Durham code. The horizontal lines indicate the
observed [C I] intensity and 3 σ upper limits for [C II] and [O I]. This
shows that the [C II] and [O I] non-detections in Musca are consistent
with shocks and that the [C I] brightness from the shock is not brighter
than the total observed [C I] brightness in Musca.
ation via the exchange reaction between 13C+ and 12CO leads
to an enhancement of the 13CO abundance (e.g. Liszt & Ziurys
2012; Röllig & Ossenkopf 2013; Szu˝cs et al. 2014). In addition
- though probably less important for Musca because of the low
FUV field - the more abundant 12CO and 13CO isotopologues
shield themselves from the destructive effect of FUV photons
more efficiently than the less abundant C18O isotopologue be-
cause the photodissociation of CO is governed by line absorp-
tion. In this context we note that Hacar et al. (2016) found indi-
cations of strong fractionation leading to a significant increase of
the 13CO/C18O abundance ratio above the standard value of 7 at
AV < 3. Further analysis of this abundance ratio in our compan-
ion paper on the Musca filament confirms this result presented
in Hacar et al. (2016).
In the previous two model fits, we determined the back-
ground and foreground components which we now scale up by
the abundance ratio 12CO/13CO ∼ 60. Note that this value can
be significantly lower because of fractionation (see above). The
resulting fit is shown in the left lower panel of Fig. B.1. Due
to the large optical depths, we observe flat-topped spectra in the
background and foreground layer. Since the observed intensities
do not fit the natural carbon abundance ratio for the second com-
ponent we only fix the first component and allowed the model
to vary over a range of values in the second component to find
the best possible solution. In addition we included a foreground
component, which would only be observable in the 12CO iso-
tope, to remove the emission excess in the blueshifted wing and
possibly reproduce the bump located in the blueshifted part of
the observed 12CO spectrum. The resulting spectra show a flat
spectrum at velocities with bright C18O(2-1) emission, followed
by an emission peak at the blue-shifted wing. Thus, the model
results do not manage to represent the line shape, the observed
bump in particular, and intensity by taking self- or foreground
absorption effects of the scaled up background components de-
rived from the isotopes, see lower left panel of Fig. B.1.
Since two background components do not represent the ob-
served spectrum, we include an additional component to the
model, which is only visible in the 12CO spectrum but vanishes
in the noise for the weaker isotopes, see lower right panel of Fig.
B.1. To meet this criteria we need to include a background com-
ponent with low optical depth, which results in an increased tem-
perature since a low optical depth requires an increase in temper-
ature to produce the same amount of emission. This third back-
ground component is located at v = 2.8 km s−1, see Table B.1.
In addition we allow cold optically thin components in order to
correct for the emission excess in the central and red-shifted part
of the spectrum. As in the previous model fit we do not fix the
central second component by the carbon abundance ratio, but al-
low it to vary in a wide range to find the best model fit to the
observed data. We thus manage to represent the spectrum well,
only with three background components.
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Fig. B.1. Results from a two-layer, multi-component fit to the observed CO(2-1) isotopes at the northern Musca position. The upper two panels
and the lower left panel show a fit with two velocity components derived from the optically thin C18O(2-1) emission line, the lower right panel
shows the best model fit for the observed 12CO(2-1) line. In each panel, the upper left sub-panel shows the observed data as a red line and the
model fit as a green dashed line. The upper right sub-panel displays the individual components, the lower left sub-panel shows the residuals and
the lower right sub-panel gives information on the number and contribution of the foreground. It becomes obvious that two components can be
fitted for C18O(2-1) and 13CO(2-1), but are insufficient for the 12CO(2-1) line.
Appendix C: SiO non-detection
The observations with the PI230 instrument on APEX towards
the Musca cloud presented in Paper I covered the SiO(5-4) line.
We have presented the detection of warm gas heated by low-
velocity shocks, which makes the observation of SiO(5-4) in-
teresting since some molecular clouds display extended SiO
emission with relatively narrow linewidths (Jiménez-Serra et al.
2010; Nguyen-Lu’o’ng et al. 2013; Duarte-Cabral et al. 2014).
This suggests that this is not SiO sputtered from the grains by
protostellar outflows (e.g. Schilke et al. 1997; Gusdorf et al.
2008a). To explain this extended SiO emission in W43, it was
considered that 1-10% of Si was not locked in the grains in the
preshock gas (Louvet et al. 2016).
In Musca, because of the low-velocity shocks, sputtering of
SiO from the grains seems improbable (Gusdorf et al. 2008b;
Louvet et al. 2016). Upon analysing the data after averaging over
the filament crest (N > 3·1021 cm−2), no SiO emission is detected
with an rms of 0.0134 K.
Since SiO has a high critical density (> 106 cm−3) it requires
a non-LTE approach (Csengeri et al. 2016) to study the maximal
SiO abundance in the gas phase. Therefore, we use RADEX to
search for an upper limit on the SiO column density. This is done
for two densities 103 and 104 cm−3, assuming a minimal temper-
ature of 10 K and a FWHM of 0.5 km s−1 (similar to the C18O
linewidth). The resulting 3σ SiO column density upper limits are
∼ 1014 and 1015 cm−2 for densities of 104 and 103 cm−3 respec-
tively.
This upper limit is observed toward the filament crest, which
has a Herschel dust column density of ∼ 4·1021 cm−2, such that
the upper limit obtained at a density of 104 cm−3 should hold,
see Paper I. Assuming all hydrogen is in molecular form, using[
Si
]
/
[
H
]
= 2·10−5 and taking that all Si is found in the form of
SiO (Louvet et al. 2016). This poses an upper limit of 0.06 % on
the Si abundance in the gas phase (0.6 % when assuming nH2 =
103 cm−3).
This indicates that in a molecular cloud at an early stage of evo-
lution basically all Si is locked in the grains and that one needs
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Background Foreground
Fit parameter Tex τ v ∆v Tex τ v ∆v
Units (K) (km s−1) (km s−1) (K) (km s−1) (km s−1)
C18O component 1 12.50 0.24 3.51 0.31 - - - -
C18O component 2 14.00 0.02 3.13 0.34 - - - -
13CO component 1 12.70 1.70 3.49 0.31 7.69 1.70 3.50 0.39
13CO component 2 13.80 0.41 3.09 0.35 - - - -
12CO component 1 12.35 90.00 3.45 0.30 7.80 7.90 3.48 0.44
12CO component 2 14.80 1.75 3.12 0.37 8.13 2.00 3.15 0.45
12CO component 3 69.00 0.09 2.73 0.34 10.00 0.45 3.58 0.28
Table B.1. Model results for the two layer multi-component fit.
Fig. B.2. Results of a fit of three Gaussian profiles to the 12CO(3-2) and 12CO(4-3) lines towards the crest in the northern map (left) and southern
map (right). The solid lines are the observed data, the long-dashed lines the fit with three individual components, and the short-dashed lines the
resulting spectrum.
environments with a radiative or dynamic history like W43 or
protostellar outflows to release SiO in the gas phase.
Appendix D: Mass accretion rate
As we have presented the detection of a filament accretion shock,
it is possible to estimate the mass accretion rate as a result of this
shock using 2piR·Σshock·t−1psc. Where R is the radius that encom-
passes most dense gas (≈ 0.2 pc), Σshock is the column density of
the shock layer, and tpsc is the post-shock cooling time for which
we use the expression in Whitworth & Jaffa (2018)
tpsc . 1.2Myr
( XCO
3 · 10−4
)−1 ( nH2,0
cm−3
)−1 ( vs
kms−1
)−1
, (D.1)
with nH2,0 the pre-shock density and vs the shock velocity.
To calculate Σshock we start from the Σ12CO column density of the
RADEX models that manage to reach the observed ratios in Sec.
3.5, which is 9·1014 cm−2. Σshock is then given by Σ12CO/XCO. This
XCO cancels out with the same term in Eq. D.1.
In Eq. D.1, we use an estimated preshock density nH2,0 = 4·102
cm−3, vs = 0.9 km s−1 and assume that the equality in Eq. D.1
roughly holds. This implies that our mass accretion rate estimate
here will be a lower limit. Putting all this together results in an
estimated minimal mass accretion rate of 20 M pc−1 Myr−1.
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